Houin SS, Rozance PJ, Brown LD, Hay WW Jr, Wilkening RB, Thorn SR. Coordinated changes in hepatic amino acid metabolism and endocrine signals support hepatic glucose production during fetal hypoglycemia. Am J Physiol Endocrinol Metab 308: E306 -E314, 2015. First published December 17, 2014 doi:10.1152/ajpendo.00396.2014.-Reduced fetal glucose supply, induced experimentally or as a result of placental insufficiency, produces an early activation of fetal glucose production. The mechanisms and substrates used to fuel this increased glucose production rate remain unknown. We hypothesized that in response to hypoglycemia, induced experimentally with maternal insulin infusion, the fetal liver would increase uptake of lactate and amino acids (AA), which would combine with hormonal signals to support hepatic glucose production. To test this hypothesis, metabolic studies were done in six late gestation fetal sheep to measure hepatic glucose and substrate flux before (basal) and after [days (d)1 and 4] the start of hypoglycemia. Maternal and fetal glucose concentrations decreased by 50% on d1 and d4 (P Ͻ 0.05). The liver transitioned from net glucose uptake (basal, 5.1 Ϯ 1.5 mol/min) to output by d4 (2.8 Ϯ 1.4 mol/min; P Ͻ 0.05 vs. basal). The [U-
intrauterine growth restriction (IUGR) produced by placental insufficiency (20, 38, 44, 45) . The early activation of hepatic glucose production may be a beneficial adaptation to maintain glucose supply to vital organs as placental glucose supply is diminished. Importantly, our recent data in the IUGR sheep fetus demonstrate that increased glucose production is not suppressed by insulin, suggesting the early development of hepatic insulin resistance (44) . If persistent after birth, however, these adaptations in glucose metabolism and insulin sensitivity could have adverse consequences by promoting glucose production in excess of glucose utilization capacity, contributing to persistent postnatal hyperglycemia (15, 21) . Furthermore, this early activation of glucose production in fetal life may underlie increased susceptibility to hepatic insulin resistance, inappropriate glucose production, and diabetes later in life (23, 31, 33) . Therefore, understanding the mechanisms underlying the premature activation of fetal hepatic glucose production is important to develop strategies to prevent these adverse outcomes.
Reduced glucose supply to the fetus is a pregnancy complication associated with placental insufficiency and IUGR. Experimental models in pregnant sheep of reduced fetal glucose supply, producing physiological hypoglycemia, include acute hypoglycemia induced by maternal fasting for several days (10, 20) , prolonged maternal insulin infusions (5, 6, 17, 38, 46) , or placental insufficiency resulting in IUGR (28, 44, 45, 50) . In these studies, increased fetal glucose production rates were identified when fetal glucose utilization rates remained greater than the net rate of glucose uptake from the placenta (19) . Evidence for hepatic glucose production in these models is supported by increased hepatic gluconeogenic gene expression and enzyme activity (10, 38, 46) . Hepatic glucose output, however, has not been directly measured in these models. Fetal hepatic metabolism has been measured directly using hepatic catheterization in late gestation fetal sheep under normal conditions. The normal fetal liver has a net uptake of glucose, lactate, and most amino acids (AAs) that exceeds its rate of oxidative metabolism and anabolic activity and thus simultaneously releases glutamate, pyruvate, and, to a lesser amount, serine, aspartate, and ornithine (3, 42, 47) . Little is known about the mechanisms regulating uptake of carbon substrates by the fetal liver under conditions when glucose production occurs.
We hypothesized that following 1 and 4 days (d1 and d4, respectively) of maternal hypoglycemia, the fetus would progressively adapt to reduced glucose supply by activating hepatic glucose production and increasing net hepatic glucose output. We also hypothesized that the increase in hepatic glucose output would be supported by increased net hepatic uptake of gluconeogenic substrates, including lactate and AAs, along with coordinated hormonal signals that would support gluconeogenesis. To test these hypotheses, we used a sheep model of reduced fetal glucose supply produced by maternal insulin-induced hypoglycemia and catheterization of the fetal liver to directly measure hepatic glucose and substrate metabolism. Our results demonstrate that fetal hypoglycemia for 4 days results in activation of glucose production and increased net glucose output by the fetal liver. These fetal hepatic glucose fluxes occur in parallel with coordinated changes in hepatic AA metabolism and increased endocrine signals that contribute to gluconeogenesis.
MATERIALS AND METHODS
Sheep model of fetal hypoglycemia. Experiments were conducted in Columbia-Rambouillet adult ewes with singleton pregnancies. Surgery was performed to place fetal and maternal catheters (125 Ϯ 2 days gestational age) according to methods previously reported from our laboratory (22, 42, 49) . Catheterized vessels for blood sampling included the maternal femoral artery (sample name ϭ A), umbilical vein (g), fetal abdominal aorta (a), and fetal left hepatic vein (h) and infusion catheters were placed in maternal femoral vein and fetal brachial vein. All catheters were tunneled subcutaneously through a flank incision on the ewe and kept within a plastic pouch attached to the ewe's skin. The catheters were flushed every other day with heparinized saline. All ewes were allowed to recover postoperatively for 3 to 6 days and were kept in individual carts and given ad libitum diet of alfalfa pellets, water, and mineral supplements. All animal procedures were in compliance with guidelines of the United States Department of Agriculture, the National Institutes of Health, and the American Association for the Accreditation of Laboratory Animal Care. The animal care and use protocols were approved by the University of Colorado Denver Institutional Animal Care and Use Committee.
Fetal metabolic studies. Three consecutive metabolic studies were performed in each maternal-fetal pair under normal (basal) conditions and following 1 (d1) and 3-5 d (d4) of fetal hypoglycemia. For each metabolic study, 3 H20 and [U- 13 C]glucose tracers were infused as a 3-ml bolus (44 uCi 3 H20, 50 or 100 mg [ 13 C]glucose) followed by continuous infusion at 3 ml/h (0.63 uCi/min 3 H20, 0.75, or 1.5 mg/min [ 13 C]glucose) to measure hepatic blood flow inputs and glucose metabolism. Indocyanine green (ICG) dye was infused to measure hepatic blood flow (bolus: 2.1-2.9 mg; rate: 0.03-0.04 mg/min) as previously described (22) . After 90 -120 min, once steady state was reached, four consecutive blood draws were obtained every 20 -30 min from the maternal artery (A), umbilical vein (g), left hepatic vein (h), and fetal artery (a). Before the start of the tracer infusions, baseline blood draws were obtained from each vessel for tracer background corrections. During the draw period, fetal blood was replaced isovolumetrically with 50 ml of heparinized maternal blood.
One to two days after the basal period metabolic study was complete, the hypoglycemic treatment was started. To induce hypoglycemia, a continuous, variable rate infusion of insulin was initiated into the maternal vein (infusate concentration ϭ 1.7 U/ml, Humulin R; Eli Lilly, Indianapolis, IN) in 0.5% BSA (Sigma, St. Louis, MO; in 0.9% NaCl). Maternal arterial plasma glucose was measured at least twice daily and the maternal insulin infusion was adjusted to produce and maintain a 50% reduction relative to the basal period (2, 5, 6 ). Fetal metabolic studies described above were repeated on d1 and d4 of hypoglycemia. All pregnant ewes displayed normal behavior and maintained normal feed intake during the hypoglycemic treatment.
Blood sample analysis. Blood samples were immediately analyzed for hematocrit, pH, PO 2, PCO2, oxygen-hemoglobin saturation, and oxygen content using a blood gas analyzer (ABL 520 Radiometer) and for plasma glucose and lactate (YSI; Yellow Springs Instrument 2700) (28, 44, 45) . Pyruvate concentrations were determined in deproteinized whole blood samples (42) . Plasma AAs were measured by HPLC using a Dionex 300 model 4500 analyzer (Dionex, Sunnyvale, CA) (37) .
Hepatic blood flow and substrate uptake rates. Left hepatic blood flow was estimated using ICG concentrations, which were measured in plasma samples from umbilical vein, fetal artery, and left hepatic vein as previously described (22) . Blood flow to the left hepatic lobe was calculated by application of the Fick principle. ICG uptake by the left lobe, (R up)L, was calculated as ͑Rup͒ L ϭ R inf ϫ ͑left lobe weight/total liver weight͒ where Rinf equals rate of infusion into the fetus. Left hepatic blood flow was then calculated as left hepatic blood flow ϭ ͑Rup͒ L ⁄ ͑ho Ϫ h͒ where (ho) is the average concentration of ICG in the umbilical vein (g) and fetal artery (a) representing the blood entering the liver, (h) equals the ICG concentration in the left hepatic vein leaving the liver, and (h o-h) represents the ICG concentration difference across the left hepatic lobe.
3 H2O concentrations, adjusted for baseline, were used to estimate the contribution of umbilical venous blood and fetal arterial blood to the left hepatic lobe (22, 49) . The fraction of left hepatic blood flow derived from the umbilical vein was calculated as:
where Fg is the fraction of flow contributed by the umbilical vein, (a) represents the arterial concentration of 3 H20, (h) is the left hepatic vein concentration, and (g) is the umbilical vein concentration. The fraction of left hepatic flow derived from the artery is as follows:
These fractional inputs were used to calculate the hepatic input (hi) concentrations for each substrate as follows:
where (substrate)g is the substrate concentration in the umbilical vein and (substrate)a is the concentration in the left hepatic artery. Net hepatic uptake of oxygen, glucose, pyruvate, lactate, and individual AAs by the left lobe of the fetal liver was calculated by application of the Fick principle as follows:
where F is hepatic blood or plasma flow (ml/min), (substrate)hi is the substrate concentration of the blood or plasma entering the liver, and (substrate)h is the substrate concentration of the blood or plasma leaving the liver as measured in the left hepatic vein (22) . To calculate the rate of carbon uptake for a substrate, the net uptake rate for each substrate was multiplied by the number of carbon atoms in that substrate.
Glucose tracer metabolism. Glucose tracer enrichments [molar percent excess (MPE)] were measured in fetal artery, umbilical vein, and hepatic vein plasma samples. Plasma (0.01 ml) was mixed and with 0.2 ml of water and 0.15 ml of 0.3 N ZnSO 4, followed by 0.15 ml of 0.3 N Ba(OH)2. After centrifugation at 16,000 g for 4 min, the supernatant was transferred to a glass test tube and dried under vacuum. Glucose was converted to the aldononitrile peracetate derivative for GC/MS analysis. To the dried residue, 0.1 ml of hydroxylamine hydrochloride (20 mg/ml in anhydrous pyridine) was added. The pyridine solution was incubated at 90°C for 30 min. After cooling, 0.1 ml of acetic anhydride was added and the solution was incubated for another 30 min at 90°C. After cooling, 1 ml of 1 M HCl was added, followed by 2 ml of chloroform. After vortexing for 0.5 min, the aqueous phase was removed and discarded. The chloroform solution was washed two more times with 1 ml of 1 M HCl and finally with 1 ml of water. After being washed, chloroform was removed under reduce pressure. The residue was dissolved in 0.05 ml acetonitrile and analyzed on GC/MS using chemical ionization. Glucose [U- 13 C]enrichment was monitored at m/z of 334/328 ratio. Glucose MPE was calculated using the difference in peak area ratios between unenriched (baseline) and enriched samples.
Whole blood glucose concentrations were calculated based on plasma measurements as described previously (19) and used for calculations. Total hepatic glucose utilization was calculated as the product of blood flow and ratio of hepatic [U-
13 C]glucose difference (hi-h) to hi MPE as previously described in studies measuring hepatic metabolism in the canine (32) . Total hepatic glucose production represents the sum of net hepatic glucose output and total hepatic glucose utilization.
Fetal hormones. Fetal arterial plasma samples were stored at Ϫ70°C and analyzed for insulin, glucagon, norepinephrine, and cortisol (28, 29) .
Fetal and fetal liver weights. At the end of the d4 study period, the mother and fetus were euthanized. The fetus and fetal right and left hepatic lobes were weighed. The location of the hepatic catheter in the left lobe was confirmed. In two fetuses, the hypoglycemic period was continued for 4 -5 days before necropsy was performed for additional studies not described here.
Statistical analysis. Data were analyzed from a total of six fetuses, all of which underwent complete basal, d1, and d4 studies. For each study, the average value for the variable of interest across the draw period (draws 1-4) was used in statistical analysis. Data were analyzed by one-way mixed model ANOVA with main effect of study (basal, d1, and d4) and random effect of fetus to account for repeated measures using SAS software (PROC MIXED). When the overall ANOVA was significant (P Ͻ 0.05), individual posttest comparisons were made using least square means (PDIFF option). In the basal study, the glucose production rate was tested against a theoretical mean of zero by one-sample t-test and Wilcoxon signed rank test. Mixed model linear regression (PROC MIXED), accounting for repeated measures on each fetus, was used to determine the relationship between hepatic glucose output and AA uptake or hormone concentrations. Statistical significance was declared at P Ͻ 0.05.
RESULTS

Maternal insulin infusion produces maternal and fetal hypoglycemia.
Metabolic studies were performed in normal late gestation fetal sheep during basal conditions and were repeated in the same fetuses after d1 and d4 of hypoglycemia. Maternal plasma glucose concentrations were 48% lower on d1 and 63% lower on d4 relative to basal conditions before the start of the maternal insulin infusion (Fig. 1A) . Similarly, fetal plasma glucose concentrations were 46 and 58% lower on d1 and d4 (Fig. 1B) . Fetal plasma glucose concentrations were ϳ30% of maternal concentrations during all study periods, indicative of normal maternal to fetal net placental glucose transport (Fig. 1C) . Maternal hematocrit, oxygen content, and lactate concentrations were similar during all study periods (Table 1) . Fetal hematocrit, pH, oxygen content, and lactate concentrations were similar during all study periods, but fetal whole blood pyruvate concentrations increased by 28% (Table  1) . Fetal weight was 2.77 Ϯ 0.26 kg, total liver weight was 97 Ϯ 16 g, and left hepatic lobe weight was 32 Ϯ 6 g at the end of study.
Hypoglycemia increases fetal hepatic glucose output. Plasma concentrations of glucose and other substrates were measured in samples obtained from the left hepatic vein to directly determine hepatic output and from the umbilical vein and fetal artery to determine hepatic glucose input (hi). Substrate uptake across the fetal liver represents the difference between input and output (hi-ho). The percentage of left lobe hepatic blood supplied by the umbilical vein was 89 -93% during the study periods (Table 1) , with the remainder of left hepatic input supplied by fetal arterial blood. Left hepatic plasma flow and blood flow rates were not different from basal study values in subsequent study periods (Table 1) . Fetal hepatic oxygen uptake was similar between basal and d4 periods, with a trend toward an increase on d1 (P ϭ 0.10, d1 vs. basal). Total hepatic oxygen uptake represented 20 -26% of fetal oxygen uptake during each study period (Table 1) . Overall, hepatic oxygen consumption remained constant in response to hypoglycemia with a potential increase acutely on d1.
During the basal period, there was net hepatic glucose uptake ( Fig. 2A) . In response to hypoglycemia, the fetal liver transitioned from net glucose uptake in the basal period to neutral balance between uptake and output on d1 to net glucose output on d4 ( Fig. 2A) . Fetal hepatic glucose utilization, measured with [U- 13 C]glucose tracer, decreased on d1 and d4 (Fig. 2B) . As a result, by d4 the rate of hepatic glucose production (representing sum of net balance and utilization) was nearly twofold higher compared with the basal period (Fig.  2C) . Fetal hepatic glucose production is further demonstrated by a lower plasma [U- 13 C]glucose MPE ratio (h/hi) across the fetal liver on d4 (Fig. 2D) . 
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Fetal:Maternal glucose ratio Hypoglycemia Fig. 1 . Maternal insulin infusion produces maternal and fetal hypoglycemia. Plasma glucose concentrations in maternal (A) and fetal (B) artery measured during the basal period and on day (d)1 and d4 following hypoglycemia induced by maternal insulin infusion. C: ratio of fetal to maternal plasma arterial glucose concentration during the basal, d1, and d4 study periods. Means Ϯ SE are shown. The overall ANOVA P value is shown, and when significant (P Ͻ 0.05), individual comparisons were made. *P Ͻ 0.05 vs. basal period.
Increased hepatic AA uptake and decreased hepatic glutamate output during fetal hypoglycemia. The net hepatic uptake rates of substrates that could be used for glucose production were measured. Fetal hypoglycemia decreased net hepatic lactate uptake by 63% (Fig. 3A) and increased net hepatic pyruvate output by twofold (Fig. 3B) . Individual AA net uptake rates were measured across the fetal liver. Under basal conditions, the fetal liver had a net output of serine and glutamate and a net uptake of the other AAs (Table 2) . During hypoglycemia, net hepatic glutamate output decreased on d1 and d4 (Table 2) . Net hepatic uptake of threonine, glycine, alanine, and lysine increased on d1, while uptake of only glycine remained increased on d4. As a result of these individual AA changes, total hepatic AA net uptake increased threefold on d1 yet was similar between basal and d4 study periods (Fig. 3C) . Among all three study periods, net hepatic glucose output correlated inversely with net hepatic glutamate output and directly with net glycine uptake (Fig. 3D) but not with net total AA uptake (P ϭ 0.17).
Given these changes in hepatic substrate uptake, we next evaluated these substrate flux rates relative to carbon number to estimate carbon balance across the fetal liver (Table 3) . On d1 and d4, increased glucose carbon output was paralleled with decreased lactate carbon uptake and increased pyruvate carbon output. Total carbon uptake derived from AAs increased only on d1. The sum of carbon substrate uptakes (lactate, pyruvate, and AAs) tended to increase on d1 (P ϭ 0.12, d1 vs. basal) but was similar between basal and d4 periods. Thus increased net AA uptake, rather than lactate or pyruvate uptake, may provide carbon substrates for initially increased net hepatic glucose output but not with sustained net hepatic glucose output.
Hepatic carbon balance. As a result of these substrate fluxes, total carbon balance across the fetal liver was maintained on d1 relative to the basal period, and tended to decrease on d4 (P ϭ 0.09, d4 vs. basal; Table 3 ). Furthermore, net total carbon uptake by the fetal liver exceeded oxygen uptake during all study periods, supporting an overall sustained activation of anabolic pathways in the liver. Interestingly, hepatic CO 2 output tended to increase only on d1 (P ϭ 0.19, d1 vs. basal; Table 3 ), consistent with the trend for increased O 2 uptake on d1, suggesting a potentially increased overall rate of hepatic oxidative metabolism on d1 but similar rates between basal and d4 study periods.
Endocrine responses to fetal hypoglycemia support hepatic glucose production. Fetal hypoglycemia resulted in a 40% reduction in fetal insulin concentrations on d1 and d4 (Table  1) . Fetal cortisol and glucagon levels increased twofold by d4 (Table 1) . There was no change in norepinephrine concentration among the study periods ( Table 1 ). The glucagon:insulin ratio, as well as the concentrations of cortisol and glucagon, had a positive correlation with hepatic glucose output, and insulin concentrations were inversely related to hepatic glucose output (Fig. 4) . Thus lower plasma insulin concentrations combined with increased plasma cortisol and glucagon concentrations support increased hepatic glucose production.
DISCUSSION
These data demonstrate that fetal hypoglycemia resulting from reduced maternal glucose supply produced net hepatic glucose output when measured directly across the liver in late gestation fetal sheep. The fetal liver had increased net AA uptake, which likely provided carbon substrates for glucose production, at least during the early stages of hepatic glucose production in response to reduced glucose supply and plasma concentrations. There also was reduced hepatic glutamate output, supporting a redirection of hepatic AA carbon into glucose production. These coordinated changes in substrate metabolism were paralleled by decreased plasma insulin and increased cortisol and glucagon concentrations, supporting the activation of fetal hepatic glucose production.
Increased hepatic uptake of AA and coordinated changes in the shuttling of intrahepatic AA likely provide carbon substrates for hepatic glucose production in response to fetal hypoglycemia. On d1, total AA uptake by the liver increased, driven by increased uptake of threonine, glycine, alanine, and lysine. By d4, hepatic total AA uptake tended to remain increased, with a significant increase only in glycine uptake. Furthermore, on d1 and d4, hepatic glutamate output decreased, demonstrating retained carbon from AA. Interestingly, 
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Output Uptake Fig. 3 . Fetal hepatic substrate uptake during hypoglycemia. Hepatic uptake rates of lactate (A), pyruvate (B), and total amino acids (C) during the basal period and on d1 and d4 following maternal insulin infusion. Means Ϯ SE are shown. Overall, ANOVA P value is shown and when significant (P Ͻ 0.05), individual comparisons were made. *P Ͻ 0.05 vs. basal period. D: correlation of hepatic glucose output with hepatic total amino acid, glutamate, and glycine uptake rates. Linear regression equation and P value are shown. hepatic lactate and pyruvate uptakes were not increased on either d1 or d4. Under normal conditions, the fetal liver has a net uptake of most AAs, with total AA carbon uptake (g atoms) exceeding oxygen uptake (30, 42) , similar to our findings during the basal period. Furthermore, under basal conditions, the fetal liver releases glutamate, rather than glucose. During fetal life, it is speculated that glutamate release by the fetal liver under normal conditions may serve to limit hepatic oxygen requirements for AA oxidation by shuttling glutamate to the placenta where the oxidation can be completed (1, 42) . In addition, glutamate output substitutes for glucose output to maintain low fetal glucose concentrations, which enable the transfer of maternally derived glucose across the placenta (1, 42) . This reciprocal relationship between glutamate and glucose output by the fetal sheep liver has also been demonstrated in response to an acute (20 h) supraphysiological fetal glucagon infusion (42) . Our results support this relationship between fetal hepatic glutamate and glucose output in response to a physiological reduction in fetal glucose supply, as the hepatic glutamate output decreases as hepatic glucose output increases.
Increased cortisol and glucagon concentrations in the hypoglycemic fetus likely prime the liver for glucose production. Cortisol and glucagon are important activators of fetal glucose production during late gestation (12, 36) . Indeed, premature elevations in fetal cortisol and a lower insulin:glucagon ratio have been found after chronic (2-8 wk) fetal hypoglycemia and in placental insufficiency models, both of which result in increased fetal glucose production (38, 44) . Furthermore, adrenalectomized fetal sheep demonstrate a blunted response to the activation of glucose production in response to maternal fasting (9) . Fetal dexamethasone infusion also increases hepatic PEPCK and G6Pase activity in rodents and sheep but does not induce hepatic glucose output when measured in sheep (13, 34, 47) . In addition to directly activated glucose production and gluconeogenic gene expression, elevated cortisol concentrations have been proposed to precede increases in catecholamine concentrations (12) , which could further potentiate glucose production. The absence of an increase in norepinephrine in our model suggests a lesser role for catecholamines in mediating the activation of glucose production in response to hypoglycemia. Experimental fetal glucagon administration in fetal sheep induces endogenous hepatic glucose production and decreased glutamate output (4, 35, 42) . Thus our results support a role for increased cortisol and glucagon in activating fetal hepatic glucose production.
Decreased fetal insulin concentrations in response to hypoglycemia also may contribute to increased fetal glucose production. Insulin is the primary hormone responsible for suppressing gluconeogenic gene expression and glucose production (7, 36) . Since fetal hypoglycemia results in decreased fetal insulin secretion (5, 39, 40) , hypoinsulinemia is found in hypoglycemic models with increased glucose production (5, 46) . Whether hypoinsulinemia alone is sufficient for the induction of glucose production remains unclear, as pancreatectomized fetuses fail to induce glucose production (10, 11 ), yet streptozotocin treated fetuses have increased glucose production (16) . Differences between these models may reflect differences in counter-regulatory hormone responses, as glucagon production is prevented by pancreatectomy but is not affected by streptozotocin (10, 16) . In our study, since hypoglycemic fetuses had both hypoinsulinemia and increased counter-regulatory hormones, we are unable to determine the independent or synergistic effects of these endocrine signals to regulate fetal glucose production and output in response to reduced glucose supply and plasma concentrations.
Our study shows that hepatic blood flow and oxygen uptake are maintained, or even increased acutely, during hypoglycemia. We found that the umbilical vein supplies 89 -93% of the blood supply to the left lobe, consistent with other studies (22, 30, 41, 42) . Fetal hepatic oxygen uptake was ϳ21% of fetal oxygen consumption during basal period, also similar to prior studies (22, 41) . Hepatic oxygen consumption tended to increase on d1, up to 28% of fetal consumption, and this could be due to increased AA oxidation and increased overall hepatic metabolism, since hepatic AA uptake and hepatic CO 2 production increased on d1. Overall, the absence of a decrease in hepatic oxygen uptake on d1 or d4 also supports that hepatic oxidative metabolism is maintained during acute hypoglycemia. Preservation of carbon uptake during hypoglycemia suggests that the fetal liver may be a privileged organ, as it continues to be perfused by nutrient rich umbilical vein blood, even when the fetus experiences hypoglycemia.
Studies are underway to determine the effect of hypoglycemia in this model on coordinated changes in AA uptake and metabolism among the uterus, placenta, fetus, fetal muscle, and fetal liver. We speculate that there is increased AA release by fetal skeletal muscle tissues and increased fetal AA uptake from the placenta to supply the liver with AA carbon for glucose production, although previous studies with maternal fasting for 5 days demonstrated conflicting results, showing either increased fetal AA uptake (48) or no change (26, 27) .
We speculate that glycogenolysis also might contribute to net hepatic glucose output, although we were unable to measure this directly, one of the limitations of our study. Other studies in fetal sheep after maternal fasting for 2 days demonstrate increased activity of G6Pase and decreased hepatic glycogen content in the presence of increased fetal plasma cortisol and norepinephrine concentrations (12) . However, after 5 days of maternal fasting, fetal hepatic glycogen content was normalized (24) . Furthermore, studies after chronic hypoglycemia (2-8 wk) or chronic placental insufficiency demonstrate preserved hepatic glycogen content, despite evidence of fetal glucose production (38, 46) . Therefore, glycogenolysis cannot be the sole source of glucose production during prolonged hypoglycemia due to glucose and general nutrient insufficiency (8, 25, 28, 38) . Other substrates, including glycerol and free fatty acids (FFA) fuel hepatic glucose production postnatally; however, in the fetus, lipids provide little fuel for oxidative metabolism and net glycerol uptake by the fetus under normal conditions is quantitatively small (0.6 mol·min Ϫ1 ·kg Ϫ1 ) (43) . Furthermore, heparin was used during blood sampling which compromises our ability to measure FFA. Thus, in our study, total carbon uptake by the liver decreases on d4 and AA uptake alone is not sufficient to provide all the carbon for net hepatic glucose output. Additional studies are needed to test role of glycogenolysis or glycerol and FFA.
In conclusion, our study is the first to demonstrate a transition in fetal hepatic metabolism that develops to support hepatic glucose production in response to hypoglycemia. Initially after 1 day of hypoglycemia, there is increased hepatic AA uptake to compensate for reduced glucose and lactate carbon uptake. After 4 days of hypoglycemia, there was a sustained reduction in plasma insulin concentrations and sustained increases in plasma cortisol and glucagon concentrations, which we speculate induced fetal hepatic gluconeogenic gene expression leading to gluconeogenic activity. As a result of increased AA utilization and specifically decreased hepatic glutamate output, we speculate that AA carbons fuel hepatic glucose output on d1 and d4. Overall, our results provide new insights into the mechanisms underlying the premature activation of fetal hepatic glucose production, which is important for developing strategies to prevent adverse outcomes due to persistently increased hepatic glucose production in neonatal and postnatal periods.
